1 Abstract-This paper presents sensorless control of ferrite permanent magnet-assisted synchronous reluctance machines (FPMA-SynRM) over wide speed range by using sliding mode observer (SMO) and high frequency signal injection. The basic equation of sliding mode observer will be derived based on dynamic model of PMSynRM. In the study, the equivalent of EMF-based SMO is proposed to estimate rotor position at medium and high speed range. The principles of high frequency signal injection, digital signal processing and rotor polarity identification is also analysed. Finally, the theoretical analysis have been verified with the experiments and the results obtained show that the resolution of estimated position signal can meet requirements of some industrial drive applications.
I. INTRODUCTION
The conventional rare-earth interior permanent magnet synchronous machine was popular in industrial drive applications, particularly in electric vehicle traction systems, over several decades due to its high torque density, high efficiency, wide constant power range, etc. [1] . However, the high cost, limited resources and unstable supply of rare-earth permanent magnet are challenging issues. Additionally, in high speed operation range, the dominant component of stator current is negative d-axis demagnetized current to weaken the flux linkage produced by stronger rare earth permanent magnet, which increase the risk of demagnetization of rare-earth permanent magnet.
Ferrite permanent magnet-assisted synchronous reluctance machine is the combination of synchronous reluctance machine and ferrite-permanent magnet-excited synchronous machine. The torque density and power factor of pure synchronous reluctance machines are relatively poor. In order to enhance torque density of pure synchronous reluctance machines, the low cost ferrite permanent magnets can be inserted into rotor lamination to improve torque density and power factor. Compared to conventional rare earth permanent magnet machines, the reluctance torque component is dominant in ferrite permanent magnet-assisted synchronous reluctance machine. It is said that the FPMA-SynRM will be a good candidate for various industrial drive applications, particularly for next generation electric vehicle of hybrid electric vehicle traction. [2] - [5] .
In high performance vector controlled ferrite permanent magnet-assisted synchronous reluctance machine -based dive systems, the rotor position signal is needed to achieve field orientation and speed close-loop control. Various position sensors, such as optical encoder, resolver, low cost Hall Effect sensor, are used to detect rotor position signal. However, these position sensor increase cost, machine size, and other issues. Sensorless control of AC drive has received much more attentions. Back-EMF estimation-based sensorless control strategy is only effective one in medium and high speed region. However, in low speed region and standstill, it is so difficult to estimate because the magnitude of back-EMF is very small or zero. Another rotor estimation scheme, which is so-called high frequency signal injection, can be used in low speed region and standstill [6] , [7] . This paper presents sensorless control of ferrite permanent magnet-assisted synchronous reluctance machines over wide speed range by using sliding mode observer and high frequency signal injection. The topology and feature of proposed ferrite permanent magnet-assisted synchronous reluctance machines will be introduced firstly. Sliding mode observer based on equivalent EMF theory will be designed. In low and zero speed regions, high frequency signal injection is proposed to estimated rotor position. Additionally, rotor polarity will be identified by utilizing magnetic saturation effect. Finally, sensorless control scheme over wide speed range for proposed ferrite permanent magnet-assisted synchronous reluctance machines will be verified by experiments.
II. PROPOSED FPMA-SYNRM Figure 1 shows conventional pure synchronous reluctance machines and proposed ferrite permanent magnet-assisted synchronous reluctance machines. The saliency difference or ratio plays a key role for reluctance torque production in synchronous reluctance machines. In order to enhance the saliency ratio, the axially-laminated rotor has been proposed for maximizing reluctance torque contribution [8] . However, the disadvantages of axially-laminated rotor are high eddy current rotor losses and relatively complicated construction process.
Another popular rotor structure is multi-barriers-based transversally-laminated rotor. In this rotor, the single or multi-layer flux barriers are necessary to decrease d-axis reluctance. Furthermore, in order to enhance torque density and power factor, the low cost ferrite magnets can be inserted into outer rotor lamination. 
III. DESIGN OF SMO
The dynamic equation of proposed ferrite permanent magnet-assisted synchronous reluctance machine can be expressed as in (1) 
where
The resistance matrix can be expressed as in (2) 0 , 0
where vα, vβ, iα, iβ, eα, eβ are voltage, current, and back-EMF component in stationary reference frame, respectively, λm is flux linkage due to permanent magnet, Rs is phase resistance. For proposed PMA-SynRM, the inductance matrix can be
For classical surface-mounted permanent magnet machines, the inductance matrix can be simplified as
By using equivalent EMF theory, the voltage equation can be modified as [8] .
The state variable equation is
The sliding mode observer equation iŝ(
whereî  ,î  are estimated current, Ksmo is observer gain. The estimated current will converge to actual measured current when the estimation error reaches the sliding surface. Figure 2 shows the block diagram of sliding mode observer for proposed permanent magnet-assisted synchronous machines. Voltage and current vector are the input of sliding mode -based current observer. The error of estimated current and measured current will be forced by a sign function. A simple low pass filter is employed to exact the alpha and beta component of equivalent back-EMF. Finally, and inverser tan function is needed to calculated the vector angle. Obviously, the estimated theta should be compensated due to the phase delay.
IV. ROTATING HF SIGNAL INJECTION
Sliding mode observer is suitable for medium and high speed region. However, in low speed region and standstill, the back-EMF is too small or zero. It is very difficult to estimate by sliding mode observer. The high frequency signal injection is an effective way to estimate the rotor position in low speed region and standstill by utilizing saliency effect. Figure 4 shows the d-axis and q-axis inductance variation with magnitude of phase current. It can be seen that the d-axis inductance is lower than q-axis inductance, which resulted in saliency effect. Figure 5 shows phase current waveform when high frequency voltage injected. It can be seen that the magnitude of phase current is variable due to saliency effect of proposed ferrite permanent magnet-assisted synchronous reluctance machines. Rotating high frequency signal injection method can be divided into voltage signal injection and current signal injection. High frequency current signal injection scheme means that the additional signal is injected before current regulator. However, this scheme suffers from the bandwidth limitation of current regulator. As a result, voltage signal injection is more popular. The block diagram of rotating high frequency voltage signal injection was shown in Fig. 6 . The high frequency voltage signal is injected after current regulator. The current response will be measured and demodulated by advanced digital signal processing technology.
The phase current under high frequency voltage excitation can be expressed as in (8) Fig. 9 . Space vector of three phase inverter.
From the equation, the current response include positive and negative component. It should be pointed out that only negative component of high frequency component include rotor position information.
(a) (b) Fig. 10 . Flux direction generated by both permanent magnet and stator winding. Figure 7 shows block diagram of digital signal processing. After high frequency voltage injection, the current response has three components, including fundamental component, high frequency component, and switching frequency component. The fundamental and switching frequency components can be filtered out by band pass filter (BPF). The positive component of high frequency current can be filtered out by synchronous frame filter. The block diagram of synchronous frame filter was shown in Fig. 8 . Then, the rotor position can be estimated by (9) 1 2 tan .
It should be pointed out that phase compensation is needed because of a delay caused by filter.
V. ROTOR POLARITY IDENTIFICATION
After rotor position estimation by using high frequency signal injection, the polarity of rotor permanent magnet is still unknown. In this section, the north and south pole of rotor permanent magnet will be identified based on magnetic saturation effect of proposed ferrite permanent magnet synchronous reluctance machines. Figure 9 shows the space vector of classical three phase inverter. There are two pilot voltage vectors with same magnitude and opposite direction (+VNS,-VNS). When stator winding excited by two different pilot voltage vectors, the direction of flux generated by pilot voltage vector will be same or opposite with the flux generated by permanent magnet. Flux direction generated by permanent magnet and stator voltage pulse excitation was shown in Fig. 10 . If the flux direction generated by pilot voltage is same with the flux of permanent magnet, the peak value of current response will be larger. This significant difference can be utilized to identify the polarity of rotor permanent magnet [10] . The explanation will be verified by experimental results in the following section. Figure 11 shows comparison of estimated rotor position by high frequency signal injection and measured rotor position by sensor. Figure 12 shows comparison of estimated rotor position by sliding mode observer and measured rotor position by sensor. It can be seen that the error of estimated and measure rotor position signal is very small. It should be pointed out that the selection of injected frequency is a significant issue. If the frequency is too high, the magnitude of high frequency current will be too small, which resulted in difficulty to measure and filter out. Figure 13 shows experimental result of rotor magnetic polarity identification. It is observed that the difference of peak value of current response can be measured to identify north or south polarity of additional rotor magnets. It should be point out that the magnitude or time duration of pilot voltage vector should be larger in order to cause the magnetic saturation effect and the difference of current magnitude can be detected easily.
VI. EXPERIMENTAL RESULTS

VII. CONCLUSIONS
Sensorless control of ferrite permanent magnet-assisted synchronous reluctance machines over wide speed range using sliding mode observer and high frequency signal injection has been presented in this paper. The topology and feature of proposed ferrite permanent magnet-assisted synchronous reluctance machines have been introduced firstly. Sliding mode observer has been designed based on the dynamic model of proposed ferrite permanent magnet-assisted synchronous reluctance machines. The principles of high frequency signal injection and associated demodulation processes have been discussed. At standstill, a rotor polarity identification method has been proposed to detect north or south pole. Finally, the experimental results show that the error of estimated rotor position and measured rotor position is very small. The rotor polarity can be detected by proposed scheme.
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